Escherichia coli have evolved adaptive systems to resist strongly acidic habitats in part through the production of 2 biochemically identical isoforms of glutamate decarboxylase (GAD), encoded by the gadA and gadB genes. These genes occur in E. coli and other members of the genospecies (e.g., Shigella spp.) and originated as part of a genomic fitness island acquired early in Escherichia evolution. The present duplicated gad loci are widely spaced on the E. coli chromosome, and the 2 genes are 97% similar in sequence. Comparison of the nucleotide sequences of the gadA and gadB in 16 strains of pathogenic E. coli revealed 3.8% and 5.0% polymorphism in the 2 genes, respectively. Alignment of the homologous genes identified a total of 120 variable sites, including 21 fixed nucleotide differences between the loci within the first 82 codons of the genes. Twenty-three phylogenetically informative sites were polymorphic for the same nucleotides in both genes suggesting recent gene conversions or intergenic recombination. Phylogenetic analysis based on the synonymous substitutions per synonymous site indicated 2 cases in which specific gadA and gadB alleles were more closely related to one another than to other alleles at the corresponding locus. The results indicate that at least 3 gene conversion events have occurred after the gad gene duplication in the evolution of E. coli. Despite multiple gene conversion events, the upstream regulatory regions and the 5# end of each gene remains distinct, suggesting that maintaining functionally different gad genes is important in this acid-resistance mechanism in pathogenic E. coli.
Introduction
Escherichia coli are normally harmless microorganisms that comprise part of the common intestinal flora of humans and other warm-blooded animals. These bacteria are ecologically versatile and have adapted to a variety of host species and environmental conditions (Gordon et al. 2002) . In addition to the ecological success as colonizers of the mammalian intestinal habitat, specific lineages (or clonal groups) of E. coli have become specialized pathogens where they can cause a variety of infections and disease even in healthy hosts (Donnenberg and Whittam 2001; Kaper et al. 2004 ).
There is a growing body of genomic evidence (Blattner et al. 1997; Hayashi et al. 2001; Perna et al. 2001; Jin et al. 2002; Welch et al. 2002 ) that much of the diversity of E. coli populations can be attributed to the acquisition of horizontally transferred genetic elements called ''genomic islands'' (Hacker and Carniel 2001) . Acquisition of such elements has been shown to contribute to bacterial evolution and specialization as islands can encode functions that increase bacterial fitness, enhance virulence, and underlie new adaptations (Groisman and Ochman 1996; Kaper and Hacker 1999; Hacker and Carniel 2001) . The term ''fitness islands'' is used specifically for elements that confer advantageous traits that are not directly related to virulence (e.g., ecological islands, saprophytic islands, or symbiosis islands) (Hacker and Carniel 2001) .
Recent studies of stress tolerance in E. coli suggest that the acquisition of a specific genomic island, called the acid fitness island (AFI), was a crucial step early in the evolution of E. coli as an enteric microorganism (Hommais et al. 2004; Mates et al. 2007 ). The principal mode of transmission to new hosts is via the fecal-oral route, and as a consequence, E. coli cells must be able to endure passage through gastric acidity. Thus, the ability to survive stress appears to contribute to fitness in nature, and many naturally occurring E. coli strains can persist in extremely acidic environments (Gorden and Small 1993; Arnold and Kaspar 1995; Lin et al. 1995) and can resist very low pH (1.5-3.0) for several hours (Peterson et al. 1989 ). In addition, bacterial persistence in low pH habitats can result in a low infective dose for pathogenic strains transmitted from animals (zoonotic origin) to humans via contaminated food (Griffin and Tauxe 1991; Gorden and Small 1993) .
A total of 12 metabolic stress-related genes comprise the AFI, and these include a glutamate decarboxylase (GAD) system that is present in E. coli and related Shigella (Hommais et al. 2004; Mates et al. 2007 ). The GAD system works to maintain neutral cytoplasmic pH by decarboxylation of glutamate and export of c-aminobuytric acid (Foster and Moreno 1999) . This critical amino acid-based acid-resistance system also acts to repel incoming protons through the inversion of the membrane potential (Richard and Foster 2004) .
Escherichia coli produce 2 isozymes of GAD that protect cells in acidic environments. The expression of both isozymes is required for survival at pH 2 (Castanie-Cornet et al. 1999) . The 2 homologous genes that encode the GAD isozymes are widely spaced on the chromosome (Smith et al. 1992) . The gadA gene ( fig. 1 ) is located at 78 min (3.67 Mb) on the K-12 chromosome (Smith et al. 1992) and is part of the AFI (fig. 1A ). The AFI also includes 3 transcriptional regulators of the GAD enzymes: gadE, gadX, and gadW (Hommais et al. 2001; Ma et al. 2002) . The gadB gene is a duplicate of the gadA gene located at 33 min (1.57 Mb) on the K-12 chromosome (Smith et al. 1992) . The gadB produces a protein (GadB) that is nearly identical in amino acid sequence to GadA and is cotranscribed with the adjacent gene, gadC, an antiporter, that exports c-aminobutyrate (Hersh et al. 1996; De Biase et al. 1999; Richard and Foster 2004) .
In E. coli strain K-12, the duplicate gadA and gadB genes have upstream regulatory sequences that are similar but not identical in structure. GadX and GadW have been shown to bind the same 44-bp promoter sequence ( fig. 1B) , with 2 binding sites upstream of gadB and one binding site upstream of gadA (Tramonti et al. 2006) . A 20-bp sequence named the GAD box ( fig. 1B) , located between À52 and À73 bp in the gadA and gadBC promoters, is essential for both acid and stationary phase induction (Castanie-Cornet and Foster 2001) and is the binding site for the essential transcriptional activator, GadE (Ma et al. 2003) . The GAD system in pathogenic E. coli O157:H7 has the same genomic arrangement and maps to homologous locations in the chromosome (Perna et al. 2001) . It is noteworthy that the gad genes are found in Escherichia and not in the closely related Enterobacteriaceae, Salmonella enterica. The genes are found in all E. coli strains, including the pathogenic strains taxonomically referred to as Shigella, which have been shown to fall within the phylogenetic species E. coli (Pupo et al. 2000; Lan et al. 2004; Hyma et al. 2005; Wirth et al. 2006) . Because the gad genes occur in E. coli and are not found in other closely related bacterial species (Grant et al. 2001) , it is most likely that these homologous genes arose by duplication, rather than through multiple horizontal transfer events, early in the evolution and radiation of E. coli.
Duplicated genes, such as the GAD genes, can evolve in complex ways (Hughes 2005) . They can rapidly diverge and evolve new functions; alternatively, they can undergo paralogous gene conversion because of their sequence similarity. This type of intergenic recombination leads to genetic homogenization and has been observed in the multicopy ribosomal genes (Liao 2000) . Here we use sequence comparisons in a well-defined set of pathogenic E. coli strains to address the following questions: To what extent has the duplicated gad structural genes diverged among pathovars? In particular, is there a difference between strains adapted only to humans (i.e., infantile diarrhea strains) and those that are transmitted from animals (i.e., E. coli O157:H7)? Is there evidence of recent gene conversion between the paralogous gad genes? Has there been divergence, conservation, or homogenization of flanking sequences? To begin to address these questions, we sequenced the gadA and gadB genes in representative strains of enteropathogenic E. coli (EPEC), which are human adapted strains that cause diarrhea in newborns (Kaper et al. 2004 ) and compared these with enterohemorrhagic E. coli (EHEC), which occur in animal reservoirs and spread to humans via contaminated food and water (Donnenberg 2002) . These data were used to test hypotheses about the role of mutation, recombination, and natural selection in the molecular evolution of the duplicated genes that are part of the principal acidresistance system of pathogenic E. coli. (Mates et al. 2007) , whereas the duplicate gadB locus occurs across the K-12 chromosome at 33.0 min (Smith et al. 1992) . (B) Primers designed produced ;2-kb amplicons for sequencing the gadA and gadB genes and associated upstream regulatory regions. The GAD box is a 20-bp promoter sequence that is the binding site for the essential transcriptional regulator GadE (Ma et al. 2003) , and the AraC-like regulatory proteins GadW and GadX bind to 2 sequences upstream of gadB and a single sequence upstream of gadA (Tramonti et al. 2006 ).
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Materials and Methods
Bacterial Strains
Twelve strains of E. coli were used as sources of DNA for cloning and sequencing of gadA and gadB (table 1). The strains include laboratory strain K-12 (ATCC 47076) and representative isolates of EPEC and EHEC that have been classified into clonal groups based on the sequence analysis of conserved housekeeping genes (Reid et al. 2000) . Escherichia coli K-12 was included as a positive control for the cloning and sequencing because the nucleotide sequences of gadA and gadB are known (Smith et al. 1992) and the entire genome sequence is available (Blattner et al. 1997) . For comparative purposes, we also obtained the homologous gad sequences from 4 completely sequenced genomes including E. coli O157:H7 strains EDL-933 (Perna et al. 2001) and RIMD 0509952 (referred to here as Sakai) (Hayashi et al. 2001) , both of which were originally isolated from foodborne outbreaks of hemorrhagic colitis; an O6:H1 uropathogenic E. coli isolate, CFT073 (Welch et al. 2002) , originally recovered from a patient with pyelonephritis (Trifillis et al. 1994) ; and type 2a Shigella flexneri strain 301 (abbreviated Sf301), which was originally isolated from a patient with shigellosis in Beijing, China (Jin et al. 2002) .
GAD Cloning and Sequencing
All strains listed in table 1 were inoculated from stocks stored at À80°C and were grown overnight in LuriaBertani broth (Becton, Dickinson, Franklin Lakes, NJ) at 37°C. Genomic DNA was isolated from 1 ml of culture using the Purgene DNA Isolation kit (Gentra Systems, Minneapolis, MN). The gadA gene was amplified by polymerase chain reaction (PCR) using locus-specific primers (gadAF1 5#-TTAATGCCTCCTCCTTGAGC-3# and gadAR1 5#-TACACGCCGTATATGCAGGA-3#), which produced a 2226-bp amplicon ( fig. 1 ). The gadB gene was amplified separately (gadBF1 5#-CCTGTCTGTACTGATGTAGC-CA-3# and gadBR1 5#-GACTGAGCAGGAGCAAT-TGT-3#) and produced a 2050-bp amplicon ( fig. 1 ). PCR contained 1Â Amplitaq Gold PCR buffer (Applied Biosystems, Foster City, CA), 0.2 mM each deoxynucleoside triphosphate, 2 mM magnesium chloride, 1 mM each primer, and 3 U Amplitaq Gold Taq (Applied Biosystems). The following PCR conditions were used: 94°C for 10 min followed by 35 cycles of 92°C for 1 min, 57°C for 1 min, and 72°C for 2 min. The gadA and gadB amplicons from each strain were purified using the QiaQuick PCR Purification kit (Qiagen, Valencia, CA) and then cloned into pCR2.1 using the TA Cloning Kit (Invitrogen, Carlsbad, CA). Because the known sequences are very similar, the cloning step ensured that only gadA or gadB would be sequenced. Plasmids were extracted using Ultra Clean Mini Plasmid Prep kit (Mobio, Solana Beach, CA) and electrophoresed on a 1% agarose gel to assure that the insert was present. The amount of plasmid DNA was quantified spectrophotometrically and 90-100 ng used per sequencing reaction. Both gadA and gadB were sequenced from the plasmids using primers that were designed from E. coli K-12 and EDL-933 gad sequences (GenBank accession numbers NC 000913 and NC 002655). Sequencing primers can be found in supplementary table 1 (Supplementary Material online). Cycle sequencing reactions contained 9.0 ll CEQ DTCS Quick Start premix (Beckman Coulter Inc., Fullerton, CA), 2.0 ll of 20 lM primer, and approximately 100 ng of plasmid containing gadA or gadB and ddH 2 O to a final volume of 15 ll. Prior to the addition of DTCS premix and primer, the plasmid was nicked by incubation at 96°C for 90 s. Amplification utilized an initial denaturing step at 94°C for 1 min followed by 35 cycles of 96°C for 30 s, 48°C for 30 s, and 60°C for 2 min. Upon completion of cycle sequencing, samples were purified with Sephadex G-50 Fine columns (Amersham Pharmacia Biotech Inc., Piscataway, NJ), dried under vacuum centrifugation (Savant Instruments Inc., Holbrook, NY), suspended in 40 ll of deionized formamide, and run on a CEQ2000XL (Beckman Coulter Inc.). Samples were analyzed using the CEQ2000XL software and then exported for alignment and further analysis with Lasergene software (DNASTAR Inc., Madison, WI). Sequences have been submitted to GenBank, and (Jin et al. 2002) the accession numbers are as follows: gadA (EF547378-EF547388) and gadB (EF551351-EF551361).
Statistical Analyses
Two statistical approaches and computer programs were used to test for past recombination between gad sequences. The TOPAL package (McGuire and Wright 2000) uses a comparative approach to identify locations of conflicting phylogenetic signal in aligned sequences. It is a graphical method based on sliding a window along a DNA alignment, estimating a tree for the first half of the data in the window using a least squares methods, and recording the values of the sum of squares (McGuire et al. 1997) . The sequence data in the second half of the window are then fit to the same tree topology, and the sum of squares is calculated. The difference in the sum of squares (Dss) is tabulated for all possible windows, in both forward and reverse directions, and plotted against the position in the sequence. Peaks in the Dss values mark the locations of putative recombination events. We used TOPAL 2.0 (McGuire and Wright 2000), which implements a standardization of the distances across windows to reduce the confounding effects of regional rate variation. For the analysis of gadA and gadB sequences, a window size of 500 bp was used with a 10-bp increment between windows. Phylogenetic tree construction was based on the Jukes-Cantor distance and the least squares method. One hundred randomization tests were run to evaluate the significance of the observed Dss values.
To detect paralogous gene conversion between the gad loci, the GENECONV program (Version 1.81) (Sawyer 1989 ) was used to obtain a permutation-based analysis that assigns probability to matching fragments in aligned DNA sequences. Posada (2002) showed that this test is one with the least propensity for false-positive results. The gadA and gadB sequences from each strain were examined as pairs, and calculations were based on silent codon polymorphisms with 10,000 permutations.
The number of synonymous substitutions per synonymous site (d S ) and the number of nonsynonymous substitutions per nonsynonymous site (d N ) were estimated on the Data Monkey website (Pond and Frost 2005) . Single likelihood ancestor counting (SLAC) analysis was used to test for positive and negative selection after fitting the appropriate nucleotide model (Pond and Frost 2005) . The percentage of nucleotide differences (p distance) and the standard errors were calculated using MEGA3 (Kumar et al. 2004) . Gene phylogenies were inferred by the Neighbor-Joining (NJ) method of Saitou and Nei (1987) based on the Tamura-Nei 93 nt distance using the Data Monkey website (Pond and Frost 2005) .
Results
DNA Polymorphism
For the 16 gadA sequences, there were 53 polymorphic nucleotide sites (3.8% of 1401) and 11 (2.4% of 467) polymorphic amino acid positions. There are 14 distinct alleles based on comparison of the alignment nucleotide sequences. A log likelihood fit of the appropriate nucleotide model found no positively selected sites and one negatively selected site (codon 43; d N À d S 5 À2.44, P 5 0.07) in SLAC analysis. The gadB sequences showed a slightly greater level of nucleotide polymorphism (5.0%) that predicted only 9 (1.9%) polymorphic amino acid positions. For the 16 gadB sequences, the SLAC analysis found no positively selected sites among the 12 distinct alleles and 6 negatively selected sites (codons 43, 71, 201, 291, 313, and 393) . The global d N /d S was 0.114 for gadA and 0.078 for gadB. The ratio of nonsynonymous to synonymous substitution indicates that the products of both genes are highly conserved with purifying selection acting against point mutations that result in amino acid replacements. All sequences were used for subsequent recombination analyses.
Putative Recombination Breakpoints
As a first step to detecting recombination within and between duplicated gad genes, we used a phylogenetic approach as implemented by the TOPAL software package (McGuire and Wright 2000) . In our application, a 500-bp sliding window was used to plot the test statistic (Dss) calculated at 10-bp intervals along the aligned 1401 bp of the gad coding regions ( fig. 2) . At each point, a tree was estimated based on the sequence data in the first half of the window, and then Dss was calculated as the difference in the fit (as measured by the sum of squares) between this tree and the data in the first and the second half of the window. This analysis was repeated in both directions for the 300 400 500 600 700 800 900 1000 1100 300 400 500 600 700 800 900 1000 1100 300 400 500 600 700 800 900 1000 1100 2326 Bergholz et al. 16 sequences of each locus separately and for the combined 32 sequences. Hypothetical breakpoints of past recombination are identified by significantly large peaks in the running average Dss values. The peaks designate positions where there are discrepancies in the phylogenies based on sequence differences on either side of the peak. For gadA, 2 potential recombinational breakpoints were identified: one between 260 and 300 nucleotides and a second between nucleotides 980 and 1120 ( fig. 2A) . The secondary Dss peaks near positions 400, 600, and 700 were not found to be significant. Two potential breakpoints of past recombination were also identified in gadB and are located at positions 560-590 and 1110-1150 ( fig. 2B ). The analysis of the combined data for the gadA and gadB alleles reveals 3 significant Dss peaks in the sliding window analysis (fig.  2C ). The peaks centered at positions 575 and 1060 are significant and reflect the primary breakpoints detected for the individual locus comparisons. However, the broad peak at the 5# ends of the gadA and gadB comparisons is extreme (Dss . 0.35) remaining above the critical value almost to position 500. This large, significant plateau of Dss suggests that the 5# ends of gadA and gadB have a complex history of divergence that cannot be explained by a single recombination event in the past.
Paralogous Gene Conversions
We were primarily interested in determining if there was an evidence of paralogous recombination between gadA and gadB. To detect recombination between the loci, we analyzed all 32 gad sequences grouped as gadA and gadB pairs, one group for each of the 16 strains (16 groups with block size 2). Eighty-nine polymorphic synonymous sites were identified in the 1,395 aligned bases (the start and stop codons were excluded from the analysis). In the comparison of gadA and gadB sequences within strains, GENECONV (Sawyer 1989 ) detected 13 global outer fragments (runs of sites that are unique to the group) and 10 significant inner fragments (runs of matching sites between loci). The outer fragments, which are evidence of past gene conversion events that may have originated from outside of the alignment (Sawyer 1989) , were found in all but the 4 O157 and related O55 strain (EDL-933, OK-1, Sakai, 93-111 and DEC 5d) and included the first 111 or 114 nucleotides in gadA (table 2, comparison 1). The significant run of synonymous polymorphic sites suggests that at least one recent conversion event has homogenized the 5# end of the gadA sequences across strains (see fig. 2 ). The inner fragments, which provide evidence of possible gene conversion events between ancestors of 2 sequences in the alignment (Sawyer 1989) , include 3 distinct runs of matching sites between the gad loci within a strain ( fig. 3) . The human-adapted infant diarrhea strains (EPEC 2 clonal group) have a significant matching run between gadA and gadB from nucleotide 244 to 629, as do the infant diarrhea strains (EPEC 1 group), which have a significant run from nucleotide 603 to 1047. In addition, the commensal K-12 strain has a significant run from nucleotide 700 to 1176 (table 2). Each of these runs of matching synonymous sites suggests that past gene conversions between gadA and gadB have occurred among the closely related strains within each phylogenetic group. In contrast, it is noteworthy that only the O157 strains (EHEC 1 group) gadA and gadB sequences appear to have diverged independently with no evidence of past gene conversions in the 3# end of the genes.
Gene Phylogenies
To assess the level of divergence of the gadA and gadB loci determined by past mutation and gene conversion events, we estimated a gene phylogeny using the NJ method and based on the Tamura-Nei 93 nt distance. For this analysis, the gad loci were each divided into 2 regions based on the first detected significant inner fragments from GENE-CONV (table 2) . The first region analyzed comprises 80 codons (codons 2-81, ATG start codon excluded) and spans the first 33 polymorphic nucleotide sites through position 243 ( fig. 3) . The second region comprises the next 385 codons (TGA stop codon excluded) and includes 87 polymorphic sites ( fig. 3) .
The NJ tree produced by the analysis of substitutions in the first 80 codons shows a deep split between the gadA and the gadB gene clusters ( fig. 4A ). For the 5# region of gadB, the topology is similar to trees constructed from other gene sequences ( fig. 4A ). The EPEC 1 cluster of sequences branches off first then the EHEC 1 group splits off from the EPEC 2 and EHEC 2 lineage. The gadB sequences from EPEC 2 and EHEC 2 strains are identical to the K-12 allele in the 5# region. For the gadA tree, the first 80 codons are nearly identical with only 5 polymorphic sites, 3 of which are singletons and are not informative. The EPEC 1 strains have substitutions at positions 123 and 162 ( fig. 3 ) so their gadA sequences for the 5# region form a distinct cluster in the tree (fig. 4A) .
The NJ tree for codons 82-465 is strikingly different from the gene tree above ( fig. 4B ). In this case, there is no single divergence point between gadA and gadB sequence clusters; instead, there are 2 cases where the sequences of the 2 loci are more similar to each other within clonal groups. The first case involves the 3 infant diarrhea strains (EPEC 1 group) where again the gadA and gadB fall into 2 clusters that are more closely related to each other (1.06% different at polymorphic sites) than to the other gadA or gadB sequences. The second case involves the K-12, EPEC 2, and EHEC 2 groups of sequences. For these 6 strains, the gadA sequences are in one cluster and the gadB sequences are in a second, closely related cluster. The gadA and gadB sequences of these 2 clusters differ, on average, at 0.71% of the polymorphic sites ( fig. 4B ). In contrast to these cases, the O157 and related strains (EHEC 1 group) gadA and gadB sequences are highly divergent (.2.0% different) and share a most recent common ancestral sequence at the deepest part of the phylogeny ( fig. 4B ). The gadA and gadB genes of the Shigella F2A strain also show a divergent pattern. These divergent patterns for the EEC 1 group and Shigella F2A are consistent with a lack of gene conversion between the gad genes in the recent ancestors of these strains.
Variability in the Promoter Region
Nucleotide sequences were determined for the entire region upstream of the coding sequence for both gadA and gadB (fig. 5) . The promoter regions for gadA and gadB have diverged substantially upstream of À72 bp but are similar to one another closer to the 5# end of the genes. The proportion of substitutions per site is 3 times higher for the gadB promoter sequences (0.048 ± 0.007) compared with the gadA promoter sequences (0.016 ± 0.005). The GadW and GadX regulators have been shown to bind the same 44-bp promoter sequence, which is centered at 110 bp upstream of gadA and 220 bp upstream of gadBC (Tramonti et al. 2006) . Comparisons of the sequences here show that the GadW/GadX-binding site upstream of gadA is more conserved with only 2 polymorphic sites ( fig. 5A ), whereas the GadW/GadX-binding site upstream of gadB (centered at 220 bp) contains 7 polymorphic sites ( fig.  5B ) and the sequence identified as a weak binding site (centered at 110 bp) contains 9 polymorphic sites. The gadA and gadB promoter regions are conserved in the À35 and À10 regions in our strains ( fig. 5C ). A comparison of the K-12 20-bp GAD box sequence (location shown in fig. 1 ) located between À52 and À73 bp in the gadA and gadBC promoters with those determined here shows that this region is well conserved in both promoters, with only 2 strains that contain a single base difference ( fig. 5 ).
Discussion
It is clear that the ability to persist in strongly acidic habitats was a critical adaptive change for the ecological success of the phylogenetic lineage of E. coli and Shigella. The prevailing evolution model posits that the early acquisition of the AFI (Hommais et al. 2004 ) resulted in enhanced ability to survive environmental stresses (Mates et al. 2007) . After acquisition of the AFI, there was a gene duplication that led to the production of 2 GADs encoded by duplicated gadA and gadB genes that are widely spaced on the E. coli chromosome and 97% similar in sequence. A key finding of our comparisons of the allele sequences of the GAD genes among strains of pathogenic E. coli revealed that these duplicate genes are conserved with only 3.8-5.0% polymorphism. Most of the variable sites including 21 fixed nucleotide differences between the loci are located in the first 82 codons of the genes suggesting recent   FIG. 3. -Alignment of the 120 variable nucleotide sites in the gadA and gadB genes of 16 Escherichia coli strains. The dots mark nucleotide positions that match the gadA sequence in E. coli K-12. Brackets above the sequences mark the locations of putative recombination breakpoints detected by a sliding window analysis. The colored boxes highlight DNA regions that show significant inner fragment detected by tests for gene conversion events between the loci. Arrows mark the end positions for fragments detected by GENECONV (table 2) , and the square outline marks the 19 polymorphic sites in the first 38 codons that represent a significant outer fragment detected by GENECONV. A second significant outer fragment was detected in the EPEC 1 strains, which is also outlined with a square.
2328 Bergholz et al. gene conversions or intergenic recombination in the remainder of the genes. Such gene conversion is an intragenomic, nonreciprocal recombination event that had resulted in homogenized GAD sequences (Santoyo and Romero 2005) . Phylogenetic analysis based on silent substitutions indicates specific gadA and gadB alleles that are more similar to one another than to other alleles at the corresponding locus. This finding supports the evolutionary model in which at least 3 gene conversion events have occurred since the GAD duplication and evolution in pathogenic E. coli.
The molecular evolution and recombination of the GAD system contrasts with other proteins that function directly in microbial pathogenesis and host interactions. For example, Smith et al. (1995) compared sequence variability in the gene (porB) encoding protein 1, a major surface protein of the human adapted pathogens, Neisseria gonorrhoeae and Neisseria meningitides. Comparisons of the number of synonymous and nonsynonymous substitutions per site between the 2 most divergent alleles indicate that alleles have accumulated significantly more amino acid replacements than silent substitutions. The regions with an excess of amino acid changes relative to the surfaceexposed loops of these outer membrane proteins suggest that diversifying selection, driven by the human immune system, can most easily explain the allelic polymorphism and the pattern of positive substitutions (Smith et al. 1995) . Guttman et al. (2006) recently found similar evidence for positive selection among pathovars of Pseudomonas syringe, a plant pathogenic bacterium that uses a Type III secretion system (TTSS) with homology to the mammalian system to inject virulence proteins directly into the cytoplasm of its hosts (He et al. 2004 ). The P. syringae TTSS is encoded by the HrpZ operon, a classical pathogenicity island (Dobrindt et al. 2004) , and specifies a principal pilin subunit (HrpA) that comes into direct contact with host cells and is likely a target of the host's pathogen surveillance system (Guttman et al. 2006) . Guttman et al. (2006) analyzed a variety of HrpZ operons and found evidence for both strong diversifying selection acting on HrpA and a key recombination event that changed the evolutionary relationships among 2 distinct P. syringae phylogroups. They suggest the hypothesis that the recombination event introduced genetic diversity into a clade of strains that are now undergoing positive selection (Guttman et al. 2006) . Even with vertically restricted transmission, multilocus sequence comparisons among housekeeping genes have detected Gene Conversion of E. coli GAD Genes 2329 extensive recombination generating new genotypes of the obligate intracellular pathogen Wolbachia in arthropods (Baldo et al. 2006) . These findings support a phylogenetic model with pervasive recombination among related and divergent lineages of Wolbachia, resulting in extensive genomic flux among these vertically inherited, obligate intracellular bacteria of arthropods (Bordenstein and Reznikoff 2005; Baldo et al. 2006) .
Although the sequence analyses provide evidence for multiple gene conversions between the GAD loci, these events have resulted in different patterns of genetic homogenization between the 2 loci in some clonal groups. For example, the upstream regulatory regions remain distinctly different from one another in sequence. The first 15 residues at the N-terminus of GadB play a critical role in the pHdriven association of GadB to the membrane (Capitani et al. 2003) , and it is within these 15 residues where 4 of the 5 amino acid differences between GadA and GadB occur (Dutyshev et al. 2005) . It is interesting to speculate that the 5# sequence differences between gadA and gadB result in crucial functional differences and that adaptive selection has driven independent sequence evolution in the face of multiple gene conversion events that have occurred across the remainder of the 2 loci. Alternatively, if natural selection is involved in maintaining the differences between the 2 loci by suppressing gene conversion, it may be that the important functional differences are found in the promoter regions.
The GAD system in E. coli has a complex regulatory network and has evolved and integrated into multiple levels of expression control. At least 11 regulatory proteins are known to affect induction of the system with GadE considered the essential regulator. The roles of the other regulators are dependent on growth phase and media composition and focus on regulating expression of GAD via GadE (Ma et al. 2003; Masuda and Church 2003; Foster 2004; Ma et al. 2004 ). This complex regulation allows the GAD system to be activated under a variety of stressful environmental conditions including events that signal a transition to highly acidic habitats.
Although the promoter region for gadBC has been shown to be similar between the pathogenic E. coli O157:H7 and S. flexneri, the conditions that govern GAD resistance appear to differ between these strains (Bhagwat AA and Bhagwat M 2004) . We expect that these differences in GAD regulation may reflect the ecological differences between these pathogens: E. coli O157:H7 naturally occurs in ruminants where colonization does not result in natural disease. E. coli O157:H7 can be transmitted to humans through food and water (Armstrong et al. 1996) , and although the GAD system can contribute to the transmission from the animal reservoir, the rate of secondary infectious transmission among humans is generally low (Griffin and Tauxe 1991) . The low rate of human-to-human transmission suggests that E. coli O157:H7 strains govern GAD expression in response to signals in the bovine reservoir. A functional GAD system is necessary for successful passage of O157:H7 through calves (Price et al. 2000 (Price et al. , 2004 . The transmission of E. coli O157:H7 in cows (bovine reservoir) and humans contrasts with Shigella strains, which are human adapted, and do not occur naturally in any animals other than humans and some primate species (Lampel and Maurelli 2001) . In human populations, Shigella cause severe inflammatory diarrhea called dysentery by invading epithelial cells of the colon (Vazquez-Torres and Fang 2000) . The bacteria reproduce to large numbers, caused extensive diarrhea, and infect new hosts with a low infectious dose. Thus, in the case of Shigella transmission, the extreme acid resistance (Gorden and Small 1993) , based FIG. 5 .-Promoter region consensus sequences of gadA and gadB. Promoter sequences upstream of À100 bp are presented separately for gadA and gadB as they did not align. Polymorphic sites within gadA or gadB are denoted by the alternate nucleotides above the site, with single variants in lowercase. (A) The À183 to À101 upstream sequence of gadA. The GadX-binding site is marked with an over line. (B) The À335 to À101 upstream sequence of gadB. The GadX-binding sites are indicated by an over line. (C) The À100 to þ27 upstream sequences of gadA and gadB. Vertical lines indicate sites completely conserved among all strains investigated. Underlined sequences highlight differences between gadA and gadB. The GAD box sequence is enclosed by a rectangle. The À35 and À10 sites and the Shine Dalgarno sequence are highlighted in gray.
2330 Bergholz et al. in part on GAD expression Small 2003a, 2003b) , is a critical component of the fitness of transmission and low infective dose in a human-adapted, host-restricted pathogen.
Here, we have found that the promoter regions of gadA are well conserved among the strains sequenced, whereas the gadB upstream region is longer and is more polymorphic in sequence among various strains. Also, the gadA and gadB promoter regions clearly diverge upstream of À72 bp, an observation consistent with a previous study of the gad promoter regions in E. coli K-12 (CastanieCornet and Foster 2001) .
The promoter regions, including the À35 and À10 regions and the 20-bp GAD box, have been shown to be required for acid and stationary phase induction of GAD genes. This region is conserved in sequences among strains, is also nearly identical in sequence for both GAD loci in 100 bp upstream, and has strong divergence between loci further upstream. RpoS is a known activator (CastanieCornet and Foster 2001) of gadA and gadB, and the À10 sequences match the rpoS promoter consensus of Lee and Gralla (2001) . The GadX-binding sites are conserved among each locus, but the GadX-binding sites upstream of gadB contain multiple sequence differences. Recent evidence based on activation of gadA and gadB by GadX and GadW suggests that the molecular mechanism of activation for gadA and gadB is different (Tramonti et al. 2006) . Expression of gadA and other genes of the AFI is controlled by H-NS (Hommais et al. 2004; Tramonti et al. 2006) , whereas H-NS does not regulate gadB expression (Giangrossi et al. 2005 ). These differences may be why the 5# region of each locus has not been homogenized by conversion events. One hypothesis is that differences in activation mechanisms give E. coli increased flexibility in controlling expression of GAD, which is an important protective mechanism for survival in highly acidic conditions. Two copies of GAD may be maintained because their function is critical to survival at low pH and need to be induced upon exposure to a variety of acidic environments.
Conclusion
In the evolutionary success and diversification of primitive E. coli, the genes encoding GAD activity were acquired early, first through a classical fitness island and then expanded by gene duplication. The GAD genes are presently restricted to the E. coli genospecies, which include all but the most divergent Shigella strains (Smith et al. 1992) . The duplicate gadAB genes have evolved into a complex GAD regulatory system that function to protect cells in acidic environments (Hersh et al. 1996) . Our molecular evolutionary comparisons have shown that the duplicated GAD loci have undergone repeated communication through paralogous recombination. A key finding of this work is that E. coli O157:H7 is the only clonal group with no evidence for recent gene conversions between the GAD loci even though the GAD system provides the most protection against strong acidity for both commensal and pathogenic E. coli strains (Lin et al. 1996; Large et al. 2005) . The evidence of differential expression of gadA and gadB among different pathogenic strains (Bhagwat AA and Bhagwat M 2004; Bergholz and Whittam 2007) suggests that regulation of GAD expression is distinct in EHEC O157:H7 compared with other E. coli strains. It is possible that for zoonotic transmission, the divergence of the duplicate GAD loci contributes to EHEC O157:H7 persistence through the stresses of food production (CDC 2006) . Further investigations are warranted to elucidate the functional implications of the absence of past gene conversions between gadA and gadB in the evolution and emergence of E. coli O157:H7.
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